Using the dilatometry technique, g→a transformation kinetics has been determined at different cooling rates in a steel with low carbon and low niobium contents (0.09 and 0.017 mass% respectively). First of all the real and the conventional transformation temperatures of the steel were determined. The real start temperature for proeutectoid ferrite formation (AЈ r3 ) corresponds to the point where the dilatometric curve starts to diverge from the straight during cooling. The conventional start and finish temperatures for proeutectoid ferrite formation (A r3 and A r1 ) are given by two points close to the minimum and the first maximum of the curve, respectively. The real start and finish eutectoid transformation temperatures -(AЈ r1 ) s and (AЈ r1 ) f -correspond to the second point of inflection and a point close to the second relative maximum of the curve, respectively. Carbon enrichment of the remaining austenite, as the transformation to ferrite advances, is corrected taking into account the dependence on the carbon content of the atomic volume of austenite. On the other hand, the dilatometric data have also been corrected with regard to the different expansion coefficients of austenite and ferrite. In this way it has been seen that the lever-rule method applied to the dilatometric curve is useful for determining transformation temperatures, but not for determining transformation kinetics, since the amount of proeutectoid ferrite calculated with this method was up to 10 % greater than the real amount measured with an image analyser. Finally a model based on Avrami's law has been developed for the real g→a transformation kinetics.
Introduction
Phase transformations are one of the factors that most influence steel properties, especially the g→a transformation. The transformation kinetics of proeutectoid ferrite in continuous cooling has been studied by several authors. The percentages of austenite transformed to different phases (ferrite, pearlite, bainite) have been charted in continuous cooling transformation (CCT) diagrams, where the evolution of the fraction transformed to ferrite suggests that this can be predicted by an Avrami type law. [1] [2] [3] [4] Dilatometry is one of the classic techniques, along with differential thermal analysis and quantitative analysis of microstructures, most commonly used to determine the start and end of phase transformations in steels.
The dilatometric technique may be applicable in the study of phase transformation kinetics in steels if a relationship can be established between the transformed phase fractions, the temperature, the phase compositions and dilatation, 5) i.e. taking into account the redistribution of carbon between the transformed ferrite and the remaining austenite and their different expansion coefficients. So, standard data analysis based on the lever-rule method is not usually appropriate to accurately determine the different phase volume fractions when several phases are formed. In this case only the start temperature of the first transformation and the end temperature of the final transformation are relevant. 6) This is the case with carbon steels, where this method is not applicable for two reasons [7] [8] [9] : (a) carbon is redistributed between the forming ferrite and the remaining austenite, increasing the specific volume of austenite; and (b) the formation of pearlite has a distinctly different volume effect to the formation of ferrite.
Though many studies involving dilatometric tests continue to apply the lever rule as a quick method for knowing the transformation kinetics of proeutectoid ferrite in cooling, 10) many other authors correct the dilatometric curve in order to avoid the errors that arise if the aforementioned aspects are not taken into account. [11] [12] [13] These authors apply several calculation methods, and it is here where differences between the results are found.
On the other hand, when the transformation takes place in isothermal conditions the transformed ferrite fraction as a function of time obeys Avrami's law. 14, 15) When the transformation takes place in continuous cooling conditions the transformation kinetics also seem to obey Avrami's law, provided that the cooling rate is constant, since in this case there would be a linear equivalence between temperature and time, and zero time would correspond to the A r3 transformation temperature. This paper studies the kinetics of the austenite to proeutectoid ferrite transformation as determined by dilatometric analysis. The effects of carbon enrichment of the austenite and overlapping of the different thermal contractions of the two phases are corrected applying the method reported by Kop et al.
13)

Experimental Procedure
The steel used was manufactured by electroslag remelting (ESR) in a laboratory unit capable of producing 30 kg ingots. Its cast chemical composition is shown in Table 1 . This technique avoids macrosegregation, both in alloying elements and impurities, and there is considerably less microsegregation; these defects being present in conventional ingots and continuous casting billets. 18) The decomposition of austenite in continuous cooling has been analysed using an Adamel DT 1000 high resolution dilatometer. The specimens for dilatometry had a radius of 1 mm and a length of 12 mm. The material used in the tests was as-cast in order to ensure that the specimen composition was exactly as shown in Table 1 .
During testing the specimens were protected from oxidation by a vacuum of the order of 10 Ϫ5 MPa. The heating rate was 1°C/s, the austenitisation temperature 1 000°C (1 273 K), the holding time 2 min and the cooling rates 0.25, 0.42, 0.84 and 1.25°C/s, respectively.
Finally, with the aim of verifying the transformation kinetics model and the errors committed by applying the lever rule, the phases present (ferrite and pearlite) were counted by image analysis using version 6.1 Optimas software.
Theory on Correction of the Dilatometric Curve
The theory used in this work to correct the dilatometric curve in order to calculate the transformed fraction in ferritic-pearlitic steels has been reported by Kop et al. 13) and is summarised as follows.
When a material undergoes a phase transformation its lattice structure changes and this is accompanied by a change in the specific volume. In the case of a pure iron specimen, cooling from temperatures above A r3 causes the austenite, which has a f.c.c structure, to transform into ferrite, which has a less closely packed b.c.c structure. This phase transformation will cause a volume expansion of about 1.6 %.
In the case of steel the lattice transformation also takes place, but in addition there is a redistribution of the alloying elements. The consideration of 'paraequilibrium' 19) can be taken as a good approach for the kinetics of this transformation. In this case there is insufficient time for the partitioning of substitutional solute atoms to occur and the adjoining phases have identical X/Fe atom ratios, where X represents the substitutional solute elements. However, interstitial solutes such as carbon are able to partition and attain equilibration of the chemical potential in both phases. 14) During the transformation the austenite will gradually transform into ferrite, in which the maximum solubility of carbon is limited, and the remaining austenite will become carbon-enriched. Both the formation of ferrite and the carbon-enrichment of austenite cause the specimen to expand. In order to delimit the total amount of ferrite transformed in cooling, the formation of ferrite and pearlite is assumed to take place in separate temperature regions, as can be expected from the equilibrium phase diagram. The second point of inflection on the cooling dilatometric curve indicates an increased transformation rate, as is expected at the start of the pearlite formation.
The atomic volume of a specimen is determined by the fractions of the phases present multiplied by their atomic volume, from the equation: (1) where V is the average atomic volume of the specimen, V i is the atomic volume of phase i, f i is the volume fraction of phase i, and T is the temperature. In low alloy steels, especially low carbon steels, and when cooling rates are less than approximately 5°C/s, the transformed phases are ferrite and pearlite. The atomic volumes (V i ) are related to the lattice parameters by the following expressions:
with V q ϭ(1/12)a q b q c q and r the cementite fraction in the pearlite. The structure of cementite (Fe 3 C) is orthorhombic and contains 12 iron and 4 carbon atoms. Table 2 shows the lattice parameters of ferrite (a), austenite (g) and cementite (q) as a function of the temper- Table 1 . Chemical composition of the steel used (mass contents in %). Table 2 . Lattice parameters of ferrite (a) and austenite (g) and of the orthorhombic phase cementite (q) as a function of temperature T (K) and the atomic fraction of carbon (x). 7, [20] [21] [22] [23] ature T and the atomic fraction of carbon (x), according to the literature. 7, [20] [21] [22] [23] Equation (1) would be difficult to apply if the different phases -in this case ferrite and pearlite-were to form simultaneously, and though in practice this could occur in a certain temperature interval, where the cooling rate would be decisive, we assume that at the cooling rates applied in this work, pearlite will start to be transformed once all the proeutectoid ferrite has been formed, as has been mentioned above.
Therefore at high temperatures, at the start of the austenite to ferrite transformation, the ferrite fraction is given by: (2) and until the start of the eutectoid transformation, f a ϩf g ϭ 1.
Equation (2) will be resolved by calculating the specific atomic volumes of austenite (V g ) and ferrite (V a ), according to the expressions given in Table 2 .
In steels whose microstructure is formed by ferrite and pearlite, once the ferrite has been quantified by applying the above equations the resulting phase will obviously be pearlite. The pearlite fraction as a function of the temperature is calculated in the following way On the other hand, during the pearlite transformation only pearlite can be assumed to form, and this means that the ferrite fraction f a is constant and that no further austenite enrichment occurs, with the volume of austenite being only temperature-dependent.
The total atomic volume (V) is calculated from the dilatometric curve in the following way, where it is supposed that the expansion/contraction is isotropic: (5) where k is a scaling factor whereby once the austenite/ferrite transformation starts, the volume V coincides with the volume V g . This factor is ideally equal to 1. However, due to non-isotropic effects in the contraction of the specimen during cooling or errors in the signal from the dilatometer, the factor k may differ slightly from 1. To compensate for such effects, the factor k is introduced in Eq. (5). The scaling factor can be determined by considering the dilatation signal just before (Eqs. (1) and (5) with f g ϭ1) and after (Eqs. (3) and (5) with f a ϭ( f a ) eq and f p ϭ( f p ) eq the transformation. Due to the lack of detailed information on transformation-plasticity effects, the scaling factor is varied linearly between the values found directly before and after the transformation.
Results and Discussion
Dilatometric Curves, Microstructures and Appli-
cation of the Lever Rule The dilatometry specimens were subjected to the tests indicated above. It is important to note that all the specimens were austenitised at the same temperature (1 000°C), that the heating rate was always the same (1°C/s), that the holding time at this temperature was also the same, and finally that each specimen was cooled at a different rate. Figures 1-4 show the dilatometric curves obtained from the tests, along with the corresponding ferrite and pearlite microstructures. On each dilatometric cooling curve an indication is made of the different critical transformation temperatures which may be deduced from the curves and whose meaning is as follows [16] [17] [18] [19] [20] [21] [22] [23] [24] : AЈ r3 ϭReal transformation start temperature for proeutectoid ferrite formation A r3 ϭConventional or apparent transformation start temperature for proeutectoid ferrite formation A r1 ϭConventional or apparent transformation final temperature for proeutectoid ferrite formation (AЈ r1 ) s ϭReal transformation start temperature for pearlite formation (AЈ r1 ) f ϭReal transformation final temperature for pearlite formation All the critical transformation temperatures have been determined with the assistance of the first derived function and the second derived function, since they are more sensitive to changes in the slope than the dilatometric curve itself. The AЈ r3 temperature is given by the point on the dilatometric curve where the straight line starts to gradually diverge from the straight during cooling. The A r3 temperature is given by the point close to the minimum of the dilatometric curve, i.e. a point where the change in the slope starts to be more important. The A r1 temperature is also given by a point close to the first maximum of the dilatometric curve. Finally, the critical temperatures (AЈ r1 ) s and (AЈ r1 ) f are given by the second point of inflection and by a point close to the second relative maximum of the dilatometric curve, respectively.
It is well known that the pearlitic transformation occurs instantaneously under equilibrium conditions and for a Fe-C steel without other alloying elements this temperature would be close to 723°C. Therefore, what should occur in practice is that the length of the temperature interval (AЈ r1 ) s Ϫ(AЈ r1 ) f where the pearlitic transformation takes place during cooling should tend to drop towards zero as the cooling rate decreases. In order to confirm this, the values of (AЈ r1 ) f and (AЈ r1 ) s have been shown against the cooling rate (Fig. 5) and it can be seen that the regression lines of both critical temperatures meet at a point that corresponds to a temperature of approximately 707°C and a cooling rate of approximately 0.005°C/s. It is therefore deduced that equilibrium conditions are achieved at this cooling rate. On the other hand, the temperature of 707°C represents the eutectoid transformation temperature that would correspond to the studied steel if it were cooled very slowly, in conditions close to equilibrium conditions. Its value which is lower than the theoretical value of 723°C from the Fe-C diagram is obviously due to the Mn content, since this element is known to lower the AЈ r3 temperature of the start of the g→a transformation and also the (AЈ r1 ) s temperature of the start of the eutectoid transformation.
The critical transformation temperature values thus determined are shown in Table 3 . The cooling rate affects all the critical temperatures, and a notable drop in the latter is observed as the cooling rate increases. Similarly, the pearlitic transformation interval given by {(AЈ r1 ) s Ϫ(AЈ r1 ) f } is reduced as the cooling rate decreases, since at its limit, close to equilibrium conditions, this interval should be zero.
Applying the lever rule it is possible to know the transformation kinetics, though this method involves a certain error, as has already been noted. Figure 6 illustrates a which is equal to the ratio of the apparent dilatation change to the maximum possible dilatation change. The extrapolated dilatation lines are calculated by regression of the dilatometric data, which facilitates the calculation of Eq. (6) and allows good precision to be obtained in the measurements of the x and y segments. The application of Eq. (6) to the above dilatometric curves gave the results shown in Figs. 7-10 , respectively, in which the transformed fraction curve has been plotted as a function of the temperature corresponding to each cooling rate. It has been attempted to make the graphs sufficiently descriptive, and in this sense the transformed fraction percentages corresponding to each critical transformation temperature have been indicated. According to the graphs, the pearlite percentage was 3 % for the cooling rates of 1.25, 0.84, 0.42°C/s and 4 % for the cooling rate of 0.25°C/s. These values are considerably lower than those observed at a glance in the microstructures of Figs. 1(b)-4(b) .
Ferrite and Pearlite Percentages Measured by
Image Analyser The ferrite and pearlite percentages corresponding to the above microstructures were measured by an image analyser. Measurements were made using several micrographs prepared at ϫ200 magnification and the values noted for each cooling rate represent the average for the different images analysed. The images may be considered to be two-phase, in which the "black phase" represents the pearlite plus the f x x y ϭ ϩ Table 3 . Values of critical temperatures (°C) determined by dilatometry. ferritic grain boundaries, and thus after grey-level discrimination it was necessary to filter the image to remove the grain boundaries. The pearlite and ferrite percentages ( Table 4) are each very similar for the three highest cooling rates, close to 11.5 % for pearlite and 88.5 % for ferrite. However, at the cooling rate of 0.25°C/s, the pearlite percentage was 18 % and the ferrite percentage was 82 %. This difference is believed to be due to the fact that the dilatometry specimens were machined directly from the ingot, i.e. as-cast, and the inherited dendritic microsegregation has favoured the formation of pearlite in the interdendritic sites, which are richer in solutes, especially when the cooling rate is lower. On the other hand, the small dimensions of the dilatometry specimens may have been influential in making the volumes or percentages of the interdendritic zone different, which would contribute to the formation of a greater or smaller amount of pearlite. In any case, the directly measured percentages are much greater, approximately three times greater, than those calculated by applying the lever rule to the dilatometric curves. This means that the error which is committed in applying the lever rule to calculate the transformed fractions is too great and needs to be corrected. It should be recalled that the error committed by applying the lever rule would have been even greater if the studied steel had had a higher carbon content, reaching a maximum for an atomic fraction carbon of approximately 2.5, and the ferrite percentage given by the lever rule would have been twice the real percentage. 13) 
Correction of Dilatometric Data
The use of Eq. (5) to calculate the real fraction of transformed proeutectoid ferrite as a function of the temperature requires a certain methodology which facilitates the calculation of V as a function of the temperature. First of all the volume V should coincide with V g when the austenite-ferrite transformation starts, i.e. when the AЈ r3 temperature is reached. In this way Eq. (2) will give a zero value for f a when this temperature is reached.
With the aim of facilitating computer calculations, the initial average atomic volume (V 0 ) has been taken as the atomic volume of austenite (V g ) for a standard temperature of 950°C, irrespective of the cooling rate used and of the critical temperatures of the start and end of the transformation (AЈ r3 and (AЈ r1 ) f ) obtained. On the other hand, it has been established that for this temperature the value DL/L 0 is zero. With these two initial hypotheses the values of k in the austenitic region (k g ) and in the pearlitic region (k a ) have been slightly lower than 1 in all cases.
If the temperature selected to calculate V 0 from V g were any other greater than or equal to AЈ r3 , the fractions calculated ( f a and f p ) would be the same, there only being a variation in an equal proportion of the values of k g and k a . This would also be true if V 0 were defined as the atomic volume for Tϭ(AЈ r1 ) f considering ( f a ϭ f a eq and f p ϭ f p eq) . Modification of the temperature for which DL/L 0 ϭ0 also has no significant influence on the final results of the calculations of the transformed fraction. It may be noted that if AЈ r3 is taken as the temperature for which VϭV 0 and DL/L 0 ϭ0, this would give k g ϭ1. Similarly, if the selected temperature is (AЈ r1 ) f , this would give k a ϭ1.
In any case, the atomic volume V calculated from Eq. (5) must coincide with V g when the austenite-ferrite transformation starts, i.e. when the AЈ r3 temperature is reached. In this way Eq. (2) will give a zero value for f a when this temperature is attained. At that moment all the carbon contained in the steel (0.09 wt%ϭ0.42 at%) is in the austenite. As the temperature decreases, the austenite will be transformed into proeutectoid ferrite, which will reject part of the carbon away to the non-transformed austenite. This carbon enrichment of the austenite is a function of the ferrite fraction at each moment, for which Eq. (2) must be resolved by means of an iterative process based on Newton's method. This iterative calculation will be carried out for each of the points on the dilatometric curve up to the (AЈ r1 ) s temperature, after which it is assumed that ferrite ceases to form and only pearlite is formed. At temperatures below (AЈ r1 ) s there is no carbon enrichment of the austenite, and therefore V g only depends on the temperature and it is no longer necessary to carry out the iterative process. The pearlite fraction will easily be obtained from Eq. (3), bearing in mind that the values of f a , of the carbon concentration in the austenite (x) and of the cementite ratio in the pearlite (r) remain constant.
In this way the transformed fractions of proeutectoid ferrite between AЈ r3 and (AЈ r1 ) s and of pearlite between (AЈ r1 ) s and (AЈ r1 ) f were determined. The results are shown in Figs. 11-14, corresponding respectively to the different cooling rates, in which the transformation curves calculated by applying the lever rule have also been plotted. Comparison of the two curves shows that at the start of the transformation the error which is committed when applying the lever rule is practically negligible, and that the two curves start to diverge once the transformed fraction has reached 30 %. The absolute error that is committed when applying the lever rule is maximum when the (AЈ r1 ) s temperature is reached, i.e. when the proeutectoid ferrite transformation has ended and the pearlitic transformation starts. Table 4 sets out the total ferrite and pearlite fractions determined by the image analyser (IA), the fractions calculated by the lever rule (LR) and the fraction yielded by iterative calculation of the atomic volume of austenite (Kop's method). Figure 15 illustrates these values as a function of the cooling rate. The values determined by the image analyser and by iterative calculation are seen to be very similar, and it should not be forgotten that the former represent an experimental measurement of good accuracy, with an estimated error of less than 1 %.
The relative error in the lever rule results, to calculate the total proeutectoid ferrite fraction at (AЈ r1 ) s , is defined by eϭ(X LR ϪX Kop )/X Kop where, X LR is the fraction obtained from the lever-rule approach and X Kop the fraction determined by iterative calculation according to Kop's method.
The value of e was approximately 10 %, irrespective of the cooling rate. This coincides with the results reported by Kop et al., 13) whose error versus carbon percentage curve gives a similar result for a steel of the same carbon content as that used in this work (0.42 at%).
In general, the lever rule always gives a higher ferrite percentage than that which is really obtained, irrespective of the steel's carbon content, since it cannot distinguish between the dilatation experienced by the specimen due to the formation of ferrite and the dilatation experienced by the austenite due to progressive carbon enrichment.
g g→ →a a Transformation Kinetics
When the dilatometric test is carried out at a constant cooling rate, as has been the case in the present work, the temperature variable is directly proportional to the time variable, giving tϭT/q, where q would be the cooling rate.
As has been seen above in Figs. 11-14 , the transformation curves, both that determined by the lever rule and that calculated, present two perfectly differentiated zones, namely that corresponding to the austenite to proeutectoid ferrite transformation, between the critical temperatures AЈ r3 and (AЈ r1 ) s , and that corresponding to the transformation of the remaining austenite into pearlite, between (AЈ r1 ) s and (AЈ r1 ) f . When the two transformations take place in isothermal conditions they occur by nucleation and growth, and therefore in principle they could be predicted by an Avrami type equation. 25) A model of transformation kinetics in isothermal conditions may be converted to non-isothermal transformation kinetics, for instance in continuous cooling, if the expression for the nucleation rate and the growth rate is known, in both cases as a function of the temperature. 26) Differentiation of the Avrami equation, introducing the cooling law, and its subsequent integration would give an Avrami equation as a function of time for non-isothermal conditions.
Bearing the above in mind, the following Avrami expression has been used to model the g→a transformation: (7) where t 0.5 is the time necessary to reach 50 % of the ferritic volume. Equation (7) recalls the expression used for other physical phenomena that take place by nucleation and growth, as is the case of recrystallisation.
27) The advantage of Eq. (7) over other Avrami expressions 28) lies in the introduction of 27) In order to predict the kinetics of the g→a transformation it is therefore necessary to determine the values of t 0.5 and n in Eq. (7) . To this end X a has been represented versus time, taking as the origin (tϭ0) the moment at which the transformation starts, i.e. when the AЈ r3 temperature is reached. The g→a transformation ends at the (AЈ r1 ) s temperature, at which moment 100 % of the proeutectoid ferrite is obtained. Thus in order to plot the proeutectoid ferrite fraction versus time it is sufficient to represent the fraction corrected by the iterative calculation as a function of time, rationalising the representation up to 100 %. The result is shown in Fig. 16 , which represents the proeutectoid ferrite fraction as a function of time for each of the cooling rates. The parameter t 0.5 and the exponent n are calculated by means of regression of the points (t, X a ) according to Eq. (7) . Both of these magnitudes may also be calculated by converting Eq. (7) into a linear equation applying logarithms and subsequently by linear regression of the points (t, X a ). The values obtained for the parameter t 0.5 and the exponent n corresponding to each cooling rate are shown in Table 5 . The value of n may be considered to be constant, since the small variations that are found are not significant. The value of the parameter t 0.5 obviously varies with the cooling rate and its representation versus the inverse of the cooling rate is shown in Fig. 17 , obviously giving a straight line since the cooling rate in each test remained constant throughout the cooling. Expression (7) has also been represented in Fig. 16 , where a good prediction of the proeutectoid ferrite transformation kinetics is observed, except at the start of the transformation.
Finally, the pearlitic transformation is of little interest in this steel, since the amount of pearlite is much smaller than the amount of ferrite and has hardly any influence on its mechanical properties. 29) 
Conclusions
(1) The dilatometric curve is very useful for determining the critical transformation temperatures, but is not appropriate for directly determining, by means of the lever rule, the kinetics of the phase transformations.
(2) The kinetics of both the austenite/proeutectoid ferrite transformation and of the retained austenite/pearlite transformation may be determined with good approximation from the dilatometric curve, making the appropriate corrections according to the method of Kop et al. (3) The error that would be committed by applying the lever rule to determine the total proeutectoid ferrite fraction would be 10 % in this steel. The relative error in the determination of the amount of pearlite is much greater, approximately 75 %.
(4) The total fractions of proeutectoid ferrite and pearlite determined by the method of Kop et al. coincided almost exactly with the fractions determined experimentally by image analysis. This confirms that the method of Kop et al. is suitable for determining the real transformation kinetics.
(5) The kinetics of the austenite/proeutectoid ferrite transformation in cooling may be predicted by an Avrami equation, whose exponent n has an approximate value of 2.
(6) Cooling rates of less than 0.005°C/s approach equilibrium conditions in which the eutectoid transformation (retained austenite→pearlite) occurs at a temperature of 707°C. 
